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 Abstract:  Japanese beech ( Fagus crenata ) has been lique-
fied by water-added subcritical phenol without a catalyst 
in a batch-type reaction vessel. The effect of water/phenol 
ratio was studied under conditions of various treatment 
times. The fractions soluble in phenol/water as well as 
the insoluble residues were characterized. Liquefaction 
kinetics was investigated assuming the validity of the 
first-order reaction rate law. The degree of phenolation 
was increased with increasing treatment times and water 
content in phenol/water solvent. Treatment at 270 ° C 
under 3.1 MPa pressure for 10 min with a water/phenol 
ratio of 25:75 gave the best liquefaction result. Various oli-
gosaccharides derived from cellulose and hemicelluloses 
were found to be hydrolyzed and solubilized in the water-
soluble portion. 
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 Introduction 
 The depletion of fossil fuel resources and climate change 
due to anthropogenic carbon dioxide emissions belong to 
the driving forces for the utilization of wood as a renewable 
carbon-neutral raw material (Saka  2006 ). Plant biomass, 
in general, will be an important part of sustainable energy 
systems in the future (Toor et al.  2011 ). A large body of 
literature describes many approaches, for example, the 
so-called biorefinery in connection to pulping, including 
the pretreatment of wood ( G ü tsch and Sixta 2011 ;  L ó pez 
et al. 2011 ; Sch ü tt et al. 2011 ; Testova et al.  2011 ) and enzy-
matic process steps ( H ö rhammer et al. 2011 ; Kirsch et al. 
 2011 ), just to mention a few. All methods are aimed at the 
fractionation of wood and a value-added evaluation of the 
isolated fractions. Wood liquefaction and fractionation in 
ionic liquids is also promising (Honglu and Tiejun  2006 ; 
Nakamura et al.  2010 ; Viell and Marquardt  2011 ). The 
same is true for the liquefaction of the whole biomass, 
which was developed based on the supercritical fluid 
technology (Minami and Saka  2003 ; Soria et al.  2008a,b ). 
An approach based on hot-compressed water in a semi-
flow reaction system was described by Phaiboonsilpa and 
Saka  (2011) and Phaiboonsilpa et al.  (2011) . 
 By means of the last mentioned technologies, the 
liquefied woody biomass can be converted into valuable 
chemicals and energy (McKendry  2002 ). Wood was con-
verted by liquefaction in supercritical water to sugars, 
which were then fermented to alcohol (Adschiri et al.  1993 ; 
Saka and Konishi  2001 ; Demirbas  2005 ). In the course of 
the process, cellulose, hemicelluloses, and lignin give 
rise to compounds with a low molecular weight. Lignin-
type degradation products are useful for the preparation 
of resins and adhesives, but various phenols such as 
coniferyl alcohol and sinapyl alcohol can also be isolated 
from the liquefaction products (Alma et al.  1998a ; Ehara 
and Saka  2005 ). 
 Liquefaction can also be performed with phenol- 
containing acidic or alkaline catalyst (Alma et al. 1995, 
1998b; Maldas and Shiraishi  1997 ). Under a supercritical 
or subcritical condition, phenol as solvent is expected to 
have a low dielectric constant due to a cleavage of hydro-
gen bonds among phenol molecules. The reactions begin 
with the cleavage of ether bonds in lignin (Minami and 
Saka  2003 ) and continue with the degradation of hemicel-
luloses and finally of crystalline cellulose. Under condi-
tions of high temperature and pressure, phenolysis takes 
place. 
 Water/phenol mixtures are expected to have benefits 
compared with the liquefaction with phenol alone. Phenol 
is almost insoluble in water under ambient conditions, but 
under supercritical conditions the water/phenol mixtures 
with low dielectric constant are no more phase-separated. 
 In the present study, the liquefaction behavior of 
Japanese beech ( Fagus crenata ) will be studied under 
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a subcritical condition of water/phenol mixtures. The 
kinetic behavior of the liquefaction will also be in focus 
and the degree of phenolation will be reported. 
 Materials and methods 
 The sapwood of mature Japanese beech wood was air-dried, milled 
in a Wiley mill, and sieved. The fraction passed through 80 mesh was 
extracted with acetone (reagent grade; Nacalai Tesque, Inc., Kyoto, 
Japan), oven-dried for 12 h at 105 ° C, and cooled down in a desicca-
tor. Performance of the reactions: approximately 150 mg oven-dried 
sample and 4.9 ml phenol (reagent grade; Nacalai Tesque, Inc., Kyo-
to, Japan) plus a designated amount of water were fed into a 5 ml 
batch-type cylindrical-shaped reaction vessel made of Inconel-625, 
to which thermocouple and pressure gauge were attached for the 
temperature and pressure measurements. Conditions of subcritical 
treatment: 270 ° C/1.8 – 3.1 MPa/3 – 30 min; heating by immersion into a 
molten salt bath of KNO 3 (Parker Netsushori Kogyo Co., Ltd., Tokyo, 
Japan) preheated to 270 ° C. 
 The reaction vessel was shaken inside the molten salt bath to 
maintain the homogenous mixing inside the vessel and for a pro-
per heat transfer. The treatment time in the present study means 
the total heating time beginning from the insertion of the reaction 
vessel into the molten salt bath. After the treatment, the reaction 
vessel was quenched with water. The resulting reaction mixture 
was then filtered over polytetrafluoroethylene filters (Advantec, 
Tokyo, Japan) with 0.2  μ m pore size and 47 mm diameter under 
vacuum at ambient temperature, and the parts soluble in phenol 
and water were separated from the insoluble residue in phenol/
water. 
 The residue was washed properly with MeOH (reagent grade; 
Nacalai Tesque, Inc., Kyoto, Japan) to remove the phenol, and the 
obtained residue was oven-dried for 12 h at 105 ° C, cooled down in 
a desiccator, and weighted. The contents of Klason lignin and acid-
soluble lignin were determined according to Mishra and Saka  (2010) . 
The clear fi ltrate from the sulfuric acid hydrolysate was submitted 
to high-performance liquid chromatography (HPLC) for the deter-
mination of monomeric sugars. HPLC instrument: Shimadzu LC-10A 
system (Kyoto, Japan); column, Aminex HPX-87P (Bio-Rad, Tokyo, 
Japan) of 300 × 7.8 mm dimensions; fl ow rate, 1.0 ml/min; eluent, dis-
tilled water; RI detector, RID-10A; temperature, 40 ° C. The contents of 
cellulose and hemicelluloses (wt % ) in the phenol-insoluble residue 
were then estimated based on the results of sugar analysis. The other 
calculations were done by means of Eqs. (1) and (2). The nonreacted, 
free phenol in the phenol-soluble portion was removed by bulb tube 
distillation unit under vacuum at 85 ° C. 
  Phenol combined ( % ) = 100*[(Phenol liquefied wood )/
 (Wood reaction vessel )] (1) 
  Wood phenolated ( % ) = 100*[(Phenol soluble -Phenol free )/
 (Wood reaction vessel )] (2) 
 In the water-soluble fraction, cellulose and hemicellulose-de-
rived products were also determined by HPLC as described above. 
The lignin-derived products were analyzed by HPLC: column, Ca-
denza CD C-18 (250 × 3 mm); fl ow rate, 1 ml min -1 ; eluent, MeOH/water 
20:80 → 100:0; UV detector (205 nm); temperature, 40 ° C. 
 Avicel PH-101 and xylan were purchased from Sigma-Aldrich, 
Inc. (Tokyo, Japan). Milled wood lignin (MWL) was prepared accord-
ing to Bj ö rkman (1956) . 
 Results and discussion 
 Decomposition behavior 
 Mishra and Saka  (2010) observed that, at 270 ° C/1.8 MPa/3 
min, most of the lignin and a part of hemicelluloses were 
liquefied and went into the phenol-soluble portion and 
almost all of the cellulose remained in the insoluble 
residue. While treating isolated xylan, cellulose, and MWL 
in a similar manner (Mishra and Saka  2012 ), the latter was 
almost three times more phenolated than the former. Lignin 
in the phenol-soluble portion is probably phenolated. 
 The parameter 270 ° C/1.8 MPa was maintained also in 
the present article and only the treatment time was varied. 
The reaction products were fractionated. Figure  1 shows 
the insoluble residues as a function of treatment time and 
the phenol/water ratios. The correlation seems to be an 
exponential logarithmic function; thus, the first-order 
reaction kinetics may be appropriate to describe the reac-
tion mechanism (Mishra and Saka  2011 ). 
 The initial amount of the insoluble residue decreased 
rapidly and the soluble part increased. At a water/phenol 
ratio of 0:100, the phenol-insoluble residue was approxi-
mately 40 % after 30 min. Under the same conditions, but 
at the water/phenol ratios of 5:95, 10:90, and 25:75, the 
insoluble part diminished to 35 % , 30 % , and 20 % , respec-
tively. Probably, hydrolytic reaction in water is responsible 
for this finding (Pu and Shiraishi  1993 ). 





























 Figure 1   Changes in phenol/water-insoluble residue of Japanese 
beech as treated at 270 ° C/1.8 – 3.1 MPa/3 – 30 min with different 
weight ratios of water added to phenol. 
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 Figure  2 shows the changes in the chemical composi-
tion of the phenol/water-insoluble residues (presented in 
Figure 1) as a function of treatment time and water/phenol 
ratios. Note that the pressure increased with more water in 
the reaction mixture from 1.8 to 3.1 MPa. The soluble moiety 
of the products is represented by the area above the lignin 
curve. At 270 ° C/1.8 MPa/0:100, lignin was almost com-
pletely decomposed and liquefied within a few minutes, 
whereas hemicelluloses were liquefied only to some 
extent and cellulose was nearly not affected. At 270 ° C/2.0 
MPa/5:95, only a slight modification of the curves is visible. 
At the water/phenol ratios of 10:90 and 25:75, as the pres-
sure is elevated to 2.5 and 3.1 MPa, respectively, the effects 
are more pronounced, that is, the hemicelluloses and cel-
lulose were liquefied further with a complete liquefaction 
of lignin. The latter treatment conditions were obviously 
the best one for the liquefaction of wood. 
 Effect of water in the mixture 
 In the presence of water in phenol, both phenolysis and 
hydrolysis reactions are the driving forces behind the liq-
uefaction. To study these effects, xylan, cellulose (Avicel), 
and MWL were liquefied under the same condition as pre-
sented in Table  1 ; the reaction time, however, was limited 
to 3 min. It is clear that the phenolation of all cell wall 
components increased with increasing water/phenol 
ratios. 
 The combined phenol yields, calculated according to 
Eq. (1) and presented in Figure  3 as a function of treatment 
time, are increasing as expected. With a water/phenol 
ratio of 25:75, the maximum amount of combined phenol 
was achieved at all treatment times, whereas without 
water the combined phenol yield was always the small-
est. Figure  4 shows the increasing combined phenol yields 
with increasing water amount in the mixture. The hydro-
lytic effect of water is due to the cleavage of  β -O-4 and other 
ether linkages of lignin, in the course of which phenolic 
hydroxyl groups arise (Ehara et al.  2002 ). As observed in 
the supercritical methanol (Minami et al.  2003 ), the reac-
tivity of phenolic structures of lignin toward phenolation 
is much higher than that of nonphenolic structures. This 
is the reason why phenolation was improved in the pres-
ence of water. 
 The amount of the phenolated wood, measured based 
on Eq. (2) (Table  2 ), is elevated with longer treatment times 


























































0 10 20 30
0 10 20 30
 Figure 2   Changes in chemical composition of the phenol/water-insoluble residue of Japanese beech as treated at 270 ° C/1.8 – 3.1 MPa/
3 – 30 min with different weight ratios of water added to phenol. 
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rise to the highest amount of phenolated wood at any par-
ticular treatment time. 
 Characterization of the water-soluble 
fraction 
 The critical point of phenol is at 421.2 ° C/6.13 MPa 
(Ambrose  1963 ), whereas that of water is 374 ° C/22.1 MPa. 
Thus, supercritical conditions are too drastic. Therefore, 
the milder subcritical conditions were selected for the 
experiments of the present study as explained above. 
 As shown in Table 2, the water-soluble fractions of 
hemicelluloses do not contain lignin-type degradation 
products. Table 2 also demonstrates that cellulose and 
hemicelluloses are degraded to a higher extent if the 
water/phenol ratio is elevated. As pointed out above, this 






residue (wt % )
Phenol-soluble 
portion (wt % )
Phenol in phenol 
soluble portiona (wt % )
Phenol 
per unit
270 ° C/1.8 MPa
 Xylan 0/100 4.0 96.0 41.7 0.7
Avicel 0/100 81.2 18.8 1.6 0.2
MWL 0/100 7.7 92.3 126.7 2.2
Whole wood 0/100 57.4 42.6 98.8  – 
270 ° C/2.0 MPa
Xylan 5/95 1.3 98.7 50.8 0.8
Avicel 5/95 78.4 21.6 6.0 0.5
MWL 5/95 5.2 94.8 139.4 2.4
Whole wood 5/95 51.5 38.2 109.3  – 
270 ° C/2.5 MPa
Xylan 10/90 0 100.0 59.5 0.9
Avicel 10/90 72.0 28.0 11.1 0.7
MWL 10/90 2.8 97.2 151.1 2.5
Whole wood 10/90 45.9 39.2 126.4  – 
270 ° C/3.1 MPa
Xylan 25/75 0 100.0 70.3 1.1
Avicel 25/75 60.1 39.9 12.0 0.7
MWL 25/75 1.1 98.9 182.0 3.0
Whole wood 25/75 35.3 37.8 133.7  – 
 Table 1   Reactivities of individual cell wall components as treated with subcritical phenol at 270 ° C/3 min with different water/
phenol ratios. 
 aAssociated with liquefied wood. 
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 Figure 3   Changes in combined phenol in phenol-soluble portion 
of Japanese beech as treated at 270 ° C/1.8 – 3.1 MPa/3 – 30 min with 
different weight ratios of water added to phenol. 


















Water added to phenol (wt%)
 Figure 4   Changes in combined phenol in phenol-soluble portion of 
Japanese beech as treated at 270 ° C/1.8 – 3.1 MPa/3 min with differ-
ent weight ratios of water added to phenol. 
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products are hydrophobic and are phenolated in the 
course of the reactions, whereas the polysaccharides 
are mainly hydrolyzed and become water-soluble. In 
the phenol-soluble fraction, all wood constituents were 
phenolated. 
 Kinetics of liquefaction 
 The reaction rate of liquefaction was considered based on a 
first-order reaction scheme, where the rate constants were 
evaluated in the same manner as described by Yamazaki 
et al.  (2006) and Mishra and Saka  (2011) (Table  3 ). The rate 
constants are dependent on the treatment conditions and 
on the water/phenol ratios. At 270 ° C/3.1 MPa/25:75, the 
rate constants for lignin, hemicelluloses, and cellulose 
are 0.012, 0.0055, and 0.0026 kJ mol -1 , respectively. This 
order is valid also for the other liquefaction conditions. 
Accordingly, lignin reacts first during the liquefaction in 
the water/phenol mixtures. 
 Conclusions 
 The treatment of Japanese beech in water-added subcriti-
cal phenol at different ratios of water/phenol revealed 
that the degradation products of cellulose and hemicel-
luloses are in the water-soluble portion and those of 
lignin are in the phenol-soluble portion. The treatment 
at 270 ° C/3.1 MPa with a water/phenol ratio of 25:75 pro-
vides the best results. Expectedly, the yield of the com-
bined phenol and phenolated wood increases with longer 
treatment times in the tested range between 3 and 30 min. 
The same effect had the increment of the water content 
in the mixture in the range of 0 to 25 % . A high degree of 
phenolation was achieved at 270 ° C/3.1 MPa/10 min with a 
water/phenol ratio of 25:75 (182.5 % combined phenol and 
229.5 % phenolated wood) compared with the 190.3 and 
240.5 % yields, respectively, when the treatment time was 
extended to 30 min. Considering the total energy balance, 
the shorter reaction time of approximately 10 min is more 
advantageous. 
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